The March 11, 2011 Tōhoku M9 and M7.9 earthquake-induced tsunami destroyed 44 facilities at the Fukushima Dai-ichi Nuclear Power Plant (FNPP) that led to a significant 
Introduction 66
The March 11, 2011 Tōhoku magnitude 9.0 and 7.9 earthquakes caused a massive 67 tsunami with ~16-m wave height nearshore and tsunami-induced inundation that 68 devastated the east coast of Japan (Fig. 1) . Unlike previous earthquake-induced tsunami 69 events, the Fukushima Dai-ichi Nuclear Power Plant (FNPP) was seriously damaged, 70 resulting in leaking of large amounts of artificial radionuclides, mainly 131 I (t 1/2 = 8.02 71 days), 134 Cs (t 1/2 = 2.065 years) and 137 Cs (t 1/2 = 30.17 years), from several reactor units 72 into the coastal ocean (Ohnishi, 2012) . In this event, the planned dumping from the 73 storage room contained low-level radioactive water, while the leaking from reactors 74 contained high-level radioactive water, with a concentration of 9.4×10
14 Bq for 137 Cs and 75 134 Cs as well as 2.8×10 15 Bq for 131 I from Unit-2 over the period April 1-6 and of 76
9.8×10
12 Bq for 137 Cs, 9.3×10 12 Bq for 134 Cs, and 9.5×10 12 Bq for during which the model-predicted tracer field had the best match to observations. This 157 method was used to evaluate the total amount of 137 Cs from FNPP in the previous We, an international research team with members from the University of 166
Massachusetts-Dartmouth, Woods Hole Oceanographic Institution and Yokohama 167
National University, have developed a high-resolution global-regional-coastal integrated 168 seismic-ocean-tracer FVCOM model system to simulate the March 11 earthquake-169 induced tsunami, coastal inundation and initial spread of Global-FVCOM is a fully ocean-ice coupled model covering the entire global ocean 200 with a grid resolution of ~2 km along the eastern Japanese coast (Fig. 4) . The vertical 201 grid discretization was implemented using a hybrid terrain-following coordinate with a 202 spatial-dependent 137 Cs loading that occurred during March was not available, so 247 previous modeling assessments were focused solely on the direct water discharge at the 248 coast. We followed the same strategy in our tracer experiments. To avoid underestimation 249 due to the lack of atmospheric loading, we started tracking 137 
Comparisons with observations 261
The results of the high-resolution model case predicted by the nested JC-262 FVCOM/Global-FVCOM will be presented first, followed by a comparison with the 263
Global-FVCOM coarse-resolution model case. 264
The 137 Cs released at the nuclear reactor sites within the FNPP facility flowed out of 265 the FNPP mainly through the channel bounded by the northern and southern breakwaters 266 ( Fig. 2; Ohnishi, 2012 ). In our high-resolution model case, which direction and how 267 respectively. The model-data comparison at these two sites again captured the observed 277 rapid increase in 137 Cs concentration in late March and the gradual decay trend in April 278 (Fig. 6) . But, at these sites the peak concentration of 137 Cs was about 1~2 orders of 279 magnitude smaller than that at 1F-S. 280
A further comparison was made at eight MEXT sites over the shelf (Fig. 7) . The 281 measurements suggest that, excluding atmospheric loading, a significant amount of 137 Cs 282 neither atmospheric deposition nor an initial field of 137 Cs concentration was set up in the 296 current study, no direct comparison with observational value recorded during that period 297 should be made. 298
We next compared the model-computed 137 Cs concentrations with observed data at the 299 same location and time where measurements were made for all available data sources, 300 including TEPCO, MEXT, and WHOI. At the surface (Fig. 8) Cs concentrations for TEPCO data in April through August suggests that the 306 high-resolution model succeeded in resolving the advection and dispersion processes near 307 the coast. A good match was also found for MEXT data from April to May, indicating 308 that the model was also robust to capture these physical processes in the inner shelf 309 region over a time scale of a month after leaking started. The model, however, tended to 310 overestimate the 137 Cs concentrations recorded during the WHOI June survey and at 311
MEXT sites in August. The WHOI survey started with one transect roughly around the 312 200-m isobath 30 km from the coast followed by other transects across the slope and 313 eastward Kuroshio main stream. Placing both model-computed and observed 137 Cs 314 concentrations at measurement sites and creating images based on these data (Fig. 9) , we 315 can see that the model was robust in predicting the spatial distribution of 137 Cs 316 concentration that were observed during the WHOI June survey, but it tended to 317 13 overestimate the size of the 137 Cs concentration plume and its values in the mid-shelf and 318 slope regions. 319
Near the bottom (Fig. 10) , however, the model-computed 137 Cs concentration was 320 generally lower than the observed values at both TEPCO and MEXT monitoring sites. 321
The overestimation at the surface and underestimation near the bottom implies that in 322 addition to vertical diffusion and mixing, there were other physical processes that were 323 responsible for a downward flux of 137 Cs in the water column. By adding a sinking term 324 in the 137 Cs tracer model, one should be able to improve the simulation results. The 325 critical issue is that such a sinking term is related to sedimentation over the shelf with the 326 sinking velocity varying significantly with different types of sediment. We will discuss 327 this issue in the next section. 328 329
Comparisons between high-and coarse-resolution models 330
The 137 Cs was mainly transported into the Japan's coastal shelf through a pumping-331 like process from the narrow exit between the FNPP northern and southern breakwaters. 332
As a result of tidal flushing and dumping of cooling water into FNPP, the maximum 333 outflow at the exit was about ~ 2 m/s. This strong outflow was jet-like and formed a 334 cyclonic vortex initially due to shear instability (Fig. 11) . With a continuous supply of 335 water from the exit, this vortex became large and then separated into several large 336 cyclonic and anticyclonic vortexes in late March before entering the continental shelf 337 where the regional-scale circulation became dominant. Once the 137 Cs tracer was over the 338 shelf where the water depth was 50-100 m or deeper, its spread was strongly influenced 339 by the local wind and regional circulation (Fig. 12) . In April, the tracer appeared like a 340 14 coastal plume, which moved forth and back in the south-north direction along the coast. 341
In May, the 137 Cs plume was still constrained within the coastal region but had a 342 concentration was distributed symmetrically in relation to the point source and covered a 365 much larger area with a width of ~ 0.2° in latitude along the coast (Fig. 12: upper panels) . 366
At 00:00 GMT June 1, the 137 Cs concentration predicted by Global-FVCOM had spread 367 in the entire shelf and slope region up to 43°N, while the 137 Cs concentration computed 368 by the high-resolution nested model remained high near the coast and no tracer was found 369 north of 41°N (Fig. 12: lower panels) . It is clear that Global-FVCOM significantly 370 overestimated the size of the plume. As a result, the model-computed 137 Cs 371 concentrations were significantly lower than observations at both near-shore and offshore 372 measurement sites (Fig. 13) . 
